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In sexually reproducing individuals, intraorganismal genetic heterogeneity (IGH) or 
mosaicism is thought to occur infrequently while genetic homogeneity is presumed the norm. 
In organisms that undergo modular development, such as long-lived plants, IGH has been 
substantially documented.  In Arabidopsis thaliana we have shown that non-parental DNA  
that is inherited at low but detectable rates can also manifest on single plants as genotypically 
distinct somatic sectors suggesting that even short-lived annual plants show IGH. The 
underlying mechanism responsible for generating this type of IGH remains unknown.  
In order to better understand this phenomenon I have tested the hypothesis that among 
genome changes that occur in response to stress, these putative triggers also up-regulate IGH. 
Metabolic stress, cold stress, mechanical damage and ROS exposure were examined. To test 
for IGH, transgene markers and polymorphic molecular markers were used. Also, presented in 
this thesis is work investigating the effect of in vitro propagation through tissue culture on 
IGH frequencies. Regenerated plants as well as undifferentiated callus tissue were genotyped 
and assayed for sequence reversions.  
Molecular genotyping revealed an outcome contrary to that predicted by the initial 
hypothesis showing instead that a high frequency of restoration occurred in the progeny of un-
treated control plants. With the exception of samples passed through tissue culture, molecular 
marker changes, including single and double reversions of alleles, were detected in every line 
at some low level Furthermore, many of the revertants were found to be genetic mosaics. 
DNA sequence analyses revealed that sequences flanking three molecular markers that had 
undergone reversion were near identical to the great-grandparent of the sequenced individual. 
These results suggest that stress is perhaps an inhibitor of restoration. Although there may be 
other explanations for the results described in this thesis, the evidence implicates genome 
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Many plant species reproduce both sexually and asexually and can leverage the 
selective advantages offered by each reproductive strategy. According to the laws of 
Mendelian inheritance, however, only those alleles that are present in the genomes of the 
parents have the potential to be passed on to the next generation. This tenet holds true 
irrespective of whether reproduction is sexual or asexual. Typically, in sexually reproducing 
organisms, alleles exist in pairs that separate during meiosis. Offspring produced by sexual 
hybridizations receive one gamete from each parent. On the other hand, in asexual 
reproduction, genetic information is passed on to the offspring mitotically. This method 
preserves the genetic identity or allelic composition of the individual from which the offspring 
are derived (Russell, 2006).  Novel alleles may arise as a result of mechanisms such as gene 
conversions, mobile element activity or chromosomal rearrangements and can be inherited in 
the next generation or the next cell division. However, these alleles may manifest as non-
Mendelian ratios deviating from expected segregation ratios (Chen et. al. 2007). The allelic 
variations, aforementioned, occur at the DNA sequence level. 
Hereditary changes that occur in the absence of underlying DNA sequence alteration 
fall under the umbrella of “epigenetics” (Probst et. al. 2009). Several types of modifications 
may be passed on, such as DNA methylation, histone or chromatin modifications, nuclear 
RNA or higher order organization, or even positional information (Probst et. al. 2009). Such 
modifications serve to regulate gene expression and can be passed on from mother cell to 
daughter cell or from one generation to the next. The epigenetic expression states can also be 
perpetuated in the absence of the conditions that created them (Richards, 2006). 
A controversial and as yet unresolved example of non-Mendelian inheritance was first 
described in 2005 by Lolle et al. who documented sequence-level changes that involved the 
apparent reacquisition of ancestral genetic information; this phenomenon was termed 
“restoration”. This type of inheritance was seen in the progeny of the Arabidopsis thaliana 
organ fusion mutant HOTHEAD (HTH; Lolle et. al. 2005) where wild-type function of HTH 
was restored in progeny of plants whose parents were homozygous for the recessive mutant 
hth allele. These plants, termed “revertants”, had cryptically reacquired the wild-type allele. 
Some revertants also carried unexpected sequence changes at other locations within the 
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genome (Lolle et. al. 2005). Lolle et al (2005) suggested that these changes were directed by 
templates provided by an extra-genomic source of genetic information stored in the form of 
an RNA “cache”. The genetic information stored within this cache would be of ancestral 
origin, based on experimental results.  
No previously known genetic or epigenetic phenomena could readily explain the 
genetic instability seen in hth mutant plants, however, several alternate explanations have 
been proposed. There could exist a DNA cache (Ray, 2005), or there could have been ectopic 
gene conversion using intercalary fragments of embedded genomic DNA sequences 
(Chaudhury, 2005). Toxic and mutagenic materials may have accumulated and subsequently 
promoted mutational events at the hth locus which, at some frequency, gave rise to normal 
wild-type plants (Comai, 2005). Out-crossing was also proposed as an explanation due to the 
known susceptibility of hth to out-crossing (Mercier et. al. 2008). Although out-crossing is a 
possible explanation, it can be argued that it was not consistent with many of the experimental 
results (Lolle et al., 2006). 
RNA has been shown to function as a source of epigenetic information in a variety of 
organisms. RNA silencing is a gene suppression mechanism that can be heritable over several 
generations. For example, it was reported that in Caenorhabditis elegans heritable phenotypic 
changes were caused by the introduction of double-stranded RNA (Alcazar et al., 2008). In 
mice, after induction, gene transcripts and microRNA were shown to persist over several 
generations (Rassoulzadegan et al., 2006; Wagner et al., 2008). Inherited RNA is not 
functionally limited to gene silencing mechanisms and has, in fact, been shown to control 
gene expression, genome rearrangement and chromosome number in the developing nucleus 
of Oxytricha trifallax (Nowacki et al., 2008; Nowacki et al., 2010). 
The enigmatic inheritance of non-parental alleles is not exclusive to Arabidopsis but 
has been described in other plant species. In flax (Linum usitatissimum), for example, non-
random phenotypic and genomic changes were observed in response to an altered growth 
environment (Cullis and Charlton, 1981; Chen et al., 2005, Cullis, 2005). Under certain 
environmental conditions several stable lines, termed genotrophs, were developed from the 
susceptible inbred flax variety, Stormont Cirrus (Pl). Genotrophs are distinct from the original 
P1 line in that they breed true when grown in a number of differential environments. Some of 
the changes observed include differences in capsule septa hair number, plant weight and 
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height at maturity, and shifts in the mobility of isozymes of peroxidise and acid phosphatase. 
Genomic changes affected the copy number of ribosomal RNA genes and many repetitive 
sequence families (Chen et al., 2009). 
In 2009, Chen et al. extended this work and demonstrated that an insertion of a novel 
single copy 5.7 kilobase (kb) DNA fragment, termed LIS-1, could be also be induced by 
environmental shifts. However, the insertion events themselves were shown to be dependent 
not only on growth conditions but also on the genetic background used. There were two 
inducing growth conditions, N-treatment and water treatment. The N-treatment consisted of 
watering plants with 100 ml per pot of a 1% ammonium sulfate solution, whereas in the water 
treatment plants were watered with tap water. In these two growth conditions, the LIS-1 
insertion appeared during vegetative development and always became homozygous and stably 
heritable. In the third growth condition, NPK, plants were fed a commercial fertilizer. This 
growth condition, however, resulted in a variable frequency of LIS-1 insertion without 
heritable transmission of LIS-1 to the progeny. No insertion of LIS-1 was observed under the 
control growth condition. The LIS-1 insertions also appeared in another flax line, Hollandia. 
However, in Hollandia, insertions were not stably integrated unless the plants were grown 
continuously in the inducing conditions (Chen et al., 2009). Three other flax lines were also 
tested under the same experimental conditions, but they did not spontaneously acquire the 
LIS-1 insertions. Based on this research, the Pl line appears to be a highly sensitized line for 
LIS-1 insertions.  
Research in our laboratory has also elucidated more facets of restoration over the past 
several years. Extensions to the original work from 2005 have revealed instability with 
insertion-deletion polymorphisms (indels) at numerous loci that map to both genic and 
intergenic regions across the genome. In hth plants these indels revert at a frequency as high 
as 22.7%. Revertants were also seen in the A. thaliana wild-type hybrid background at a 
frequency of approximately 5.4% (Hopkins et al., 2011). 
One possible explanation for this large number of revertant wild-type offspring is 
cross-pollination although documented rates of out-crossing for wild-type Arabidopsis plants 
fall well below these percentages, averaging 0.3 to 2.5% (Abbott and Gomes, 1989; Bergelson 
et al., 1998; Bakker et al., 2006).  To quantify the degree of out-crossing in hth plants, hth and 
eceriferum-10 (Koornneef et al., 1989) floral fusion mutants, wild-type Landsberg and 
4 
 
glufosinate-resistant transgenic lines were grown together. These experiments show that 
mutants with fused flora phenotypes have enhanced rates of out-crossing but  also verify that 
wild-type lines experience a much reduce rate (0.02-0.89% for fusion mutants and 0.01% for 
wild-type plants: Hopkins et al., 2011).  
In the course of determining out-crossing frequencies and doing segregation analysis, 
a rare mosaic hth mutant plant with a large phenotypically wild-type floral sector was isolated 
(Figure 1; Hopkins et al., 2011). For this individual, phenotype was found to correspond to 
genotype with the wild-type HTH and mutant hth-4 alleles both detected in the wild-type 
sector (Figure 1B). This individual provided the first robust phenotypic evidence showing that 
single Arabidopsis plants were capable of producing genetically distinct somatic sectors 
representing a case of intraorganismal genetic heterogeneity (IGH). 
IGH can take the form of 
chimerism or mosaicism, distinguishable 
by their functional origin, relative 
frequency and degree of genetic change 
(Santelices, 2004). Mosaic individuals 
arise from an intrinsic genetic change, 
such as somatic mutations, mitotic 
recombination, changes in ploidy levels, 
or genome duplications (Santelices, 
1999). Chimeric organisms differ in that 
they result from grafting or allogenic 
fusion (Santelices, 2004). IGH has been 
found in bacteria, protists, fungi, and 
plants, as well as invertebrate animals, 
such as cnidaria and tunicates, and 
vertebrates like marmosets, cats and 
humans. In the cases involving animals, 
IGH generally has either a neutral or 
detrimental effect (Pineda-Krch and 
Lehtilä, 2004). Genetic homogeneity has 
 
Figure 1: The mosaic mutant hth-4 plant showing 
phenotypically wild-type sector (Hopkins et al., 
2011). A. Wild-type sector (magenta box) among 
mutant branches (white boxes). Examples of mutant 
hth and wild-type flowers are to the right. B. 
Molecular analysis was conducted on mutant and 
wild-type branches. The mutant branches scored 
homozygous (hth-4/hth-4), while the wild-type 
branch scored heterozygous (HTH-4/hth-4). 
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traditionally been assumed for the majority of individual organisms. However, there is 
increasing evidence that IGH is more common than previously considered. 
The developmental program of unitary organisms, such as vertebrates, is determinate 
and closed, and would therefore afford no advantage if IGH were common-place. In contrast, 
the developmental program of organisms, such as plants, is open-ended and can begin with 
either a single cell (zygote or stem cell) or multicellular stage (vegetative propagules) 
(Fagerström, 1998). Organisms with repeating basic structural units, called modules, allow the 
adult organism to have variable number of parts. Such organisms show low levels of 
differentiation, are developmentally plastic, and tend not to sequester their germ line (Pineda-
Krch and Lehtilä, 2004). In fact, it has been reported that long-lived trees benefit from 
module-level selection driven by somatic mutations by increasing tree fitness and reducing 
local adaptation in the herbivore (Folse and Roughgarden, 2011). IGH could similarly benefit 
Arabidopsis as it has adopted an inbreeding reproductive strategy and thus has limited its 
adaptive potential.  
Clones derived from differentiated somatic cell or nuclear founders are expected to be 
phenotypically and genotypically identical. However, contrary to expectation, phenotypic 
variation or somaclonal variation can be found in organisms regenerated from tissue culture 
and this variation is stable and can be passed down to the next generation. In animals, the 
phenotypic variation is thought to be due mostly to epigenetic reprogramming of gene 
expression (Humpherys et al., 2001). However, genome-wide studies of regenerated 
Arabidopsis lineages revealed a considerable elevation in DNA sequence mutation rates 
(Jiang et al., 2011) suggesting that DNA sequence mutations may in large part underlie the 
phenotypic (somaclonal) variation seen in plant tissue culture regenerants.  
The molecular events underlying somaclonal variation have also been studied in plant 
species other than Arabidopsis. In japonica rice, a purple sheath mutation was recovered as a 
somaclonal mutant designated Z418. The original plant, C418, had a non-functioning 
OsC1allele due to a 34 base pair (bp) deletion in the gene, the candidate gene believed to 
control the purple sheath trait. In Z418 line there was a gain-of-function in the OsC1 gene. 
Sequence analyses determined that Z418 harbored an allele identical to the OsC1 sequence of 
the rice-coloured line T65 (Gao et al., 2011). The source of the novel DNA sequence has not 
yet been determined.  
6 
 
Two factors suggest that Arabidopsis plants might benefit from IGH.  First, 
Arabidopsis plants undergo modular development and secondly, they predominantly 
reproduce by self-fertilization (inbreeding). However, the mechanism by which IGH occurs 
has not been experimentally verified. One possibility is that the genetic heterogeneity seen in 
the hth mutants could be a response to stress imposed by the loss of normal HTH gene 
function, as posited by Lolle et al (2005). The metabolic stress in this case could be analogous 
to the environmental induction used in the flax experiments described above. If genome 
sequence changes are induced in response to metabolic stress, plants experiencing any number 
of metabolic stresses might manifest genome changes.  By extension, environmental factors 
that induce stress could also mobilize 
genome changes.  
In Arabidopsis, adenosine (Ado 5’ 
phospho-transferase) kinase (ADK; ATP: 
Ado, EC 2.7.1.20) is constitutively expressed 
in all cells. Loss of ADK interferes with 
adenylate pools, methylation and cytokinin 
interconversion (Moffatt et al., 2002). ADK 
phosphorylates adenosine (Ado) and Ado 
analogues (Schomberg and Stephan, 1997) 
and is a key enzyme in the purine salvage 
pathways for Ado. Recycling of Ado follows 
two principle routes wherein the direct route, 
ADK catalyzes the following reaction: ATP 
+ Ado → ADP + AMP (Schomberg and Stephan, 1997). ADK is also involved in the 
interconversion of cytokinin (CK) ribosides (Burch and Stuchbury, 1987). In the indirect 
route, Ado is hydrolysed to adenine by Ado nucleosidase and is then converted to AMP by 
adenine phosphoribosyltransferase (Moffatt et al., 2002). Since CK nucleotides are less active 
than ribosides, ADK contributes to intracellular CK homeostasis by reducing the abundance 
of active CKs.  Arabidopsis plants deficient in ADK activity have increased CK riboside 
levels as compared to the wild type (Moffatt et al. 2002).  
 
Figure 2: Role of ADK in methyl recycling via 
S-adenosyl-L-homo-cysteine (SAH). Adenosine 
kinase catalyzes the production of AMP through 




Figure 3: Arabidopsis thaliana representative ADK-deficient 
lines created by gene silencing. Phenotypes varied from 
wild-type-like (far right) to ADK deficient (far left). 
Therefore the loss of ADK activity might impose a substantial metabolic stress on 
affected plants. Such plants have a wide range of phenotypic variation, spanning the full 
spectrum from plants suffering severe morphological abnormalities to plants that look 
relatively normal and are comparable to wild-type. ADK-silenced plants have curled and 
twisted leaves, floral malformations, and reduced primary shoot height (Figure 3; Moffatt et 
al. 2002). ADK deficient plants also senesce later and have increased leaf cell numbers 
(Schoor et al., 2011). However, about 30% of the plants are phenotypically wild-type and may 
be genetic revertants.  
In addition to metabolic stress, plants experience environmental challenges and are 
exposed to a constantly changing suite of factors such as predators, pathogens and, for many 
parts of the world, drastically varying temperature ranges. Many biological processes are 
influenced by growth temperature, including photosynthesis, transpiration, and respiration. 
Tissue can be damaged by herbivores, pathogens, or by physical means. Plants can respond to 
mechanical wounding locally in damaged tissue, as well as, systemically at distal sites from 
the initial wounded area. Plant responses to environmental stimuli are regulated by several 
phytohormones, such as jasmonic acid (JA), salicylic acid, ethylene and absiscic acid.  
JA and its bioactive derivatives regulate many protective responses to abiotic and 
biotic stress through large-scale changes in gene expression. JAs regulate many biological 
processes such as systemic wound responses (Koo et al., 2009), secondary metabolism 
(Gundlach et al., 1992), reproductive development (Browse, 2005) and growth control (Balbi 
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and Devoto, 2008). Considered a phytohormone, JA accumulates rapidly in tissues both 
proximal and distal to injury sites and has been shown to accumulate in wounded Arabidopsis 
leaves within 120s of wounding. Also, systemic signal displacement from wounded to 
unwounded leaves leads to accumulation of jasmonic acid in distal leaves. Responses to JA, 
such as the expression of some JASMONATE-ZIM domain genes, can take place within 15 
minutes in unwounded leaves (Glauser et al., 2009). 
Wounding, exposure to adverse environmental conditions such as extreme 
temperatures, excessive light, pollution, drought and salinity, can lead to the increased 
production and accumulation of damaging concentrations of reactive oxygen species (ROS), a 
process referred to as oxidative stress. ROS include compounds such as H2O2, superoxide 
anion, and hydroxyl radicals (Gechev et al., 2002). A defense mechanism against oxidative 
stress is the activation of the cell antioxidant system. Antioxidant enzymes, including 
glutathione reductase, catalases, peroxidases and superoxide dismutase, are often found to 
have elevated activities in stress-resistant plants. In non-toxic concentrations, H2O2 can act as 
a signalling molecule. Signalling cascades involve secondary messengers such as ROS, Ca
2+
, 
and phosphatidic acid (Apel and Hirt, 2004; Testerink and Munnik, 2005). After mechanical 
wounding, there is an overlap of biotic and abiotic stress responsive plant genes (Fujita et al., 
2006). Although phytohormone pathways are well studied, the mechanisms behind stress 
perception and initial signaling events are still not as well defined.  
In addition to natural inducers, ROS can be mimicked by exposure to a number of 
different reagents. To study the effect of oxidative stress, 3-amino-1,2,4-triazole (AT) 
(Gechev et al., 2002), a catalase inhibitor, has been used and is known to elevate H2O2 levels. 
Buthionine sulfoximine (BSO) (Griffith and Meister, 1979), a γ-glutamylcysteinyl synthetase 
inhibitor, when used in conjunction with AT, suppresses increased glutathione synthesis. 
The goal of this project was to test whether IGH could be induced in certain 
conditions. This project tested the hypotheses that metabolic stress, in the form of ADK 
deficiency and environmental stress in the forms of cold stress, mechanical damage, and ROS 
exposure, induce IGH. Transgenic markers and molecular markers polymorphisms between 
the Columbia and Landsberg erecta genetic backgrounds were used to genotype Arabidopsis 
plants and test for IGH. Also presented here is work done by Chris Hammill investigating the 
effect of tissue culture on restoration frequencies. Regenerated plants as well as 
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undifferentiated callus derived from the wild-type hybrid lines used in the mechanical damage 
studies were genotyped and assayed for sequence reversions. Contrary to expectation, the 
result of the study revealed that the frequency of IGH was reduced when plants experienced 




Materials and Methods 
Construction of Plant Lines 
amiADK hybrid lines: the amiADK 7-7 line was generated in the Moffatt lab using 
the Columbia accession. amiADK 7-7 transgenic plants harbour a construct encoding an 
artificial microADK designed to produce a microRNA targeting the ADK genes (Appendix A, 
Figure 21). The amiADK 7-7 plants were crossed with WT Ler plants and F1 seeds from the 
amiADK 7-7 ♀ and Ler ♂ cross were grown to maturity. F1 plants were allowed to self-
fertilize. F2 plants harbouring the transgene were identified as glufosinate resistant. Plants 
were sprayed with glufosinate solution (200µM) once per day over a period of 10 days. 
Resistant plants were screened for the presence of the amiADK transgene with PCR using the 
primers, pSAT-F and pXCS-R (Appendix C, Table 15). The progeny from a transgene 
negative F2 plant were used for assessing temperature effects on genomic stability. 
Hybrid ADK lines (Hadk): the ADK1-GFP line was generated as described in 
Schoor et al. (2011) (Appendix A, Figure 22). True breeding ADK1-GFP plants with weak to 
strongly silenced ADK phenotypes were crossed with WT Ler plants (Figure 4). Five F1 
plants were allowed to self-fertilize and were used to generate the F3 generation of seeds 
(summarized in Table 1). Transparent mylar sheets were wrapped around individual plants to 
minimize out-crossing. F1 plants were genotyped using the indel primers (Appendix C, Table 
13) and examined for eGFP fluorescence. F2 plants were genotyped and several plants from 
each lineage negative for the transgene were used to produce the F3 generation. The presence 
or absence of the transgene was determined by PCR using the following primer pairs 
(adktestp-RF and EGFPm-R, and adktestp-RF and adktestp-R; Appendix C, Table 15). The 
F3 progeny from transgene negative F2 plants were screened using PCR and tissue 
fluorescence.  
Table 1: Hybrid ADK1-GFP x Ler F1 Lines 
F1 label Pollen recipient ♀ Pollen donor ♂ 
Hadk1 WT Ler #1 ADK1-GFP #1 
Hadk2 WT Ler #3 ADK1-GFP #3 
Hadk3 WT Ler #4 ADK1-GFP #4 
Hadk4 ADK1-GFP #3  WT Ler #3  






Figure 4: Hadk parental plants.  
 
Wild-type hybrid lines: wild-type Col and wild-type Ler plants were crossed to 
generate F1 hybrid lines. Seeds were collected from two F1 plants from Col♀ x Ler♂ and two 
F1 plants from the recipricol cross, Ler♀ x Col ♂. F2 to F4 generations were self-fertilized. 
Each plant used in this study was genotyped using marker specific primer sets (Appendix C, 
Table 13) to verify genotype and lineage.  
Naming Convention 
Lines were named in the format demonstrated in Figure 5. The initial cross is indicated 
first, with the pollen recipient (♀) preceding the pollen donor (♂). The descendent lineage is 
then indicated with the plant number in each generation starting from F1 to the current 
generation. Dashes are used to separate each generation.  
 
Lami = Landsberg erecta x amiADK 7-7 
Hadk = hybrid ADK1-GFP (see Table 1) 
LC = Landsberg erecta x Columbia 
W (for F3 generation) = wounding treatment experimental group 
C (for F3 generation) = control, no treatment group 
 












C. The plants grown at 4
o
C were grown in a refrigerator with a 
glass door, unlike the plants grown at the other two temperatures, which were grown in 
growth chambers. 
Mechanical wounding: wild-type hybrid F3 plants from each F2 progenitor were 
divided into two groups: wounding (experimental treatment) and no treatment (control). Each 
group consisted of 15 plants grown in individual 5.5 cm pots. Upon inflorescence emergence, 
approximately 2 weeks following germination, plants were mechanically damaged by 
pinching the leaves with ribbed forceps. Approximately 50% of the leaf surface was damaged 
and inflorescence buds excised. 
ROS exposure: the F4 seedling populations derived from wild-type hybrid control 
groups used in the wounding experiment were used to test the effect of ROS inducing media: 
½ MS agar + 40 µM BSO (Sigma) + 2 µM AT (Sigma).  
 
Growth Conditions 
Plants and callus tissue were grown in growth chambers (Econoair AC60, Ecological 
Chambers Inc., Winnipeg, MB; GC8-VH/GCB-B, Environmental Growth Chambers, Chagrin 
Falls, Ohio; Conviron PGW36/E15, Controlled Environments Ltd., Winnipeg, MB), unless 
otherwise stated. Growth chambers were illuminated by both incandescent and fluorescent 




 at sample level) with a 16 hour light cycle, 8 





 illumination. For callus growth requiring 24 hours of dark, light was blocked by 
wrapping plates in aluminum foil. All seeds were cold stratified by placing seeds (on soil or 
media) in a 4
o
C environment for 2 to 3 days prior to transfer to the growth chamber. 
Transparent mylar sheets were used for the following plants: amiADK hybrid F2s, Hadk 
parents, F1s and F2s, and wild-type hybrid parents, F1s, and F2s. All plants were grown at 
21
o
C with the following exceptions: Hadk plants were grown at 19
o
C and two groups of 




C (see section on treatments). 
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Parent, F1 and F2, and wt hybrid F3 plants were sown directly onto soil, with the 
exception of the amiADK hybrid F1 plants, which were first germinated on ½ MS agar then 
transplanted onto soil. In general, F3 and F4 seedlings used for molecular genotyping were 
grown on ½ MS agar with plates oriented vertically to promote root growth along the surface 
of the agar. However, the ROS inducing plates were grown on a 45
o
 angle while plants grown 
for qPCR genotyping were grown horizontally. Approximately 20-30 seeds were distributed 
on each plate and genotyped using the indel primers (Appendix C, Table 13). Figure 6 is an 
example of a plate with seedling growth. Plants used for qPCR genotyping were grown at a 
density of approximately 9-12 seeds per plate. 
All seeds sown on media were surface 
sterilized using chlorine gas prior to plating. 
Seeds were sterilized in 1.7ml microcentrifuge 
tubesfilled up to the 0.1 ml mark. Uncapped 
tubes are placed in a glass container. To create 
chlorine gas, a beaker, placed inside the glass 
container, was filled with 100 ml household 
bleach and 4 ml of concentrated HCl. The 
container was sealed and seeds are exposed to 
gas for 1 to 2 hours. After sterilization the tube 





Figure 6: amiADK x Ler F3 14 day old 
seedlings grown on half MS media plates. 
Seedlings grew along the surface of the plates 
in one orientation due to the vertical 




Seedling dissections: amiL-5-1 F3 
seedlings grown at the three different 
temperatures were grown to until cotyledons 
had fully opened. This stage was achieved 
approximately 7-10 days after transfer to the 
growth chambers for the 21
o
C environment, 10-
14 days for the 15
o
C environment, and 18-21 
days for the 4
o
C environment. Once the correct 
growth stage was reached, root and shoot were 
separated by bisecting seedlings (Figure 7). The 
root and shoot were collected into separate 1.7 
ml microcentrifuge tubes and placed on ice. 
 
Sampling tissue from adult plants: samples from rosette leaves (approximately 0.5 
cm
2
), cauline leaves, or flowers were taken from the plants during the mid-flowering growth 
stage (days post germination?). For the majority of the collections, at least two samples were 
taken from each plant. One sample was used for DNA extraction and the other was stored at -
20
o
C, with a few exceptions.  For nine F2 plants from the amiADK 7-7 hybrid line Lami-1, 
one rosette sample and one sample from each floral branch was collected. Also, two samples 
were taken from the rosette of the wild-type hybrid F3 plants (control and experimental) prior 
to wounding treatment. After bolting, tissue was collected from each inflorescence branch and 
pooled for each individual plant.  
Whole seedling collection: seedlings were grown for 10-14 days on ½ MS agar and 
collected individually into microcentrifuge tubes for DNA extraction for the following 
populations: Hadk F3s, wild-type hybrid F4s (all treatment groups) and progeny from tissue 
culture regenerated plants.   
Sample collection for qPCR : F4 plants were grown for approximately 3 weeks,  
harvested individually and place into 2 ml screw cap microcentrifuge tubes for DNA 
extraction. Plants belong to the line LC-2-13 and were taken from 10 no treatment 
 
Figure 7: Seedling dissection diagram. 
Seedlings were bisected at the junction 




populations, and 10 wounding populations. Twenty seedlings from each population in the 
experimental and control groups were analyzed. 
Tissue culture: cotyledons were collected as duplicate samples for each seedling that 
was used for callus induction. One cotyledon was used for DNA preparation and the other set 
aside as a reserve sample. At the time of transfer to shoot induction media (SIM), samples 
were taken in duplicate from callus material. 
DNA Extraction 
Crude DNA extraction method: the following method was adapted from Edwards et 
al. (1991). Tissue was ground in 50 µl TE buffer (10mM Tris-HCl pH 8.0, 1 mM EDTA) in 
microcentrifuge tubes using a disposable plastic pestles. 350 µl of extraction buffer (200 mM 
Tris-HCl pH 7.5, 250 mM NaCl, 25mM EDTA, 0.5% SDS from Edwards et al. 1991) was 
added to each sample. After mixing the sample using a vortex set at maximum speed, the 
sample was centrifuged for 1 minute at maximum speed. 300 µl of supernatant was 
transferred to new tubes then 300 µl of isopropanol was added. The samples were mixed by 
vortexing and incubated at room temperature for 2 minutes. Tubes were centrifuged for 5 
minutes at maximum speed. Pellets were air dried for 10-15 minutes before being re-
suspended in 100 µl TE buffer and stored at -20
o
C. 
DNA extraction from plants used in qPCR: whole plants were collected 
individually into 2 ml screw cap microcentrifuge tubes and 6 stainless steel ball bearings 
added (1/8” diameter; Abbott Ball Company, West Hartford, Ct, USA). The tube and tissue 
were flash frozen in liquid nitrogen. Cells were disrupted using a vortex set at max speed and 
kept in a frozen state using liquid nitrogen. Following tissue homogenization, 600 µl of 
extraction buffer (0.1M Tris-HCl pH 8.2, 0.05M EDTA, 0.1M NaCl, 2% SDS, 0.5 mg/ml 
Proteinase K) was added to each tube. Samples were mixed on a rocker for 30 minutes at 
room temperature. Each sample was then transferred to a fresh 1.7 ml microcentrifuge tube 
and centrifuged for 5 minutes at maximum speed. The supernatant was transferred into new 
tubes, 2 ul of 10 mg/ml RNase A added to each sample and samples incubated at 37
o
C for 15 
minutes. 500 µl of phenol:chloroform:isoamyl alcohol (25:24:1) mixture was added to each 
tube. Samples were then rocked at room temperature for 15 minutes. Tubes were centrifuged 





volume of 3M sodium acetate pH 5.2 and 1 volume isopropanol was added before mixing by 
inversion. The samples were again centrifuged for 5 minutes at max speed to pellet the DNA. 
The pellet was resuspended in 500 µl TE buffer and 50 µl 3M sodium acetate pH 5.2. 500 µl 
of ice cold ethanol was added and the tubes were mixed by inversion. Samples were 
centrifuged for 10 minutes at maximum speed to pellet the DNA. The supernatant was 
removed by pipetting and the pellet allowed to air dry for 15 minutes before additional drying 
in a 50
o
C heat block for approximately 3 minutes. DNA was resuspended in 50µl TE buffer at 
4
o




Hydrogen peroxide production in plant tissue was visualized using a 3,3’-
diaminobenzidine (DAB; Sigma-Aldrich D8001) stain. Whole seedlings and excised leaves 
were submerged in a solution of 5 mM DAB in 50 mM Tris-acetate pH 3.8. Tissues were 
stained for 20h in dark at room temperature. After staining, tissue was decolorized for 10 
minutes with 95% ethanol at 70
o
C. Tissue was rinsed and stored in 95% ethanol.  
Tissue Culture 
This work was undertaken by Chris Hammill as part of his Biol499 project. F4 seeds 
from several wild-type hybrid lines used in the mechanical wounding and ROS experiments 
were also used in this project (LC-2-13-[C2, C4, C5, C6 and W1]). Seedlings were grown for 
1-2 weeks before dissection and transfer to callus induction media (see Growth Conditions 
section). 
Initial callus induction: roots were cut into 2-3mm segments and transferred to callus 
inducing media (CIM; base media: 3.2 g/L Gamborg’s B5 vitamins with minimal organics 
Sigma-Alderich Canada ltd., Oakville, ON, 20 g/L d-glucose, 0.5 g/L MES, and 3 g/L 
phytagel). The base media was supplemented with 500 μg/L 2,4-D (auxin) and 50 μg/L 
kinetin (cytokinin). Roots were allowed to develop calli for one month before first transfer. 
Callus maintenance: To maintain callus size and freshness, callus samples from each 
line were transferred to fresh CIM every 3 weeks. Transferred callus tissue ranged in size 
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from 5mm to 20mm in diameter. The transfers were repeated 5 times over the course of these 
experiments. 
Plant regeneration: small masses of callus tissue were transferred to shoot induction 
media (SIM) to induce shoot formation. The base SIM was identical to the CIM except for the 
addition of 93 ug/L naphthalene acetic acid (auxin) and 894 ug/L N6-Δ2-isopentenyladenine 
(cytokinin). 
Rooting and transfer to soil: Callus tissue exhibiting shoot formation was transferred 
to hormone free media to induce root formation. Plantlets were maintained in culture for 1 to 
2 weeks prior to transfer to soil. Successfully rooted plantlets were transfered to 1:1 mixture 
of LC1:LG3 Sungro Sunshine potting mixes, (Sungro Horticulture, Seba Beach, AB). Freshly 
transferred seedlings were covered with a plastic dome or bag as protection from humidity 
shock. Seedlings underwent gradual dehumidification by removing the plastic covering over 
the course of a week. The soil was kept moist and plantlets were watered as needed.  
Molecular Genotyping 
Insertion-deletion polymorphisms (indels) of the Col and Ler accession were used for 
molecular genotyping. Sixteen markers with indel sizes ranging from 45-94 bp were chosen 
where the alleles in Col are insertions and the alleles in Ler are deletions (Appendix C, Figure 
23). For each marker PCR primers were designed to amplify genomic regions flanking the 
indel (Appendix C, Table 13, Figure 23). The PCR program used for amplification was as 
follows: 94
o
C for 2 min, 55
o
C for 15 sec, 72
o
C for 30 sec, and 39 cycles of 94
o
C for 15 sec, 
55
o
C for 15 sec, 72
o
C for 30s. Taq DNA polymerase purified from recombinant E. coli stocks 
was used in NH Buffer with 300 µM of each primer and 400 µM dNTPs for amplification 
(10x NH Buffer: 200 mM Tris-HCl pH 8.8, 50 mM MgCl2, 100 mM KCl, 100 mM 
(NH4)2SO4).  The genotype was determined by size separation of the PCR products using 
agarose gel electrophoresis (Appedix C, Figure 23). Samples were subsequently genotyped 
using only those markers that were homozygous for the deletion (harbouring the Ler allele) in 





Three indel sites were examined: T14G11, F23M2 and T6H20. Primers sets were 
chosen that would amplify a region flanking the indel, either upstream or downstream of indel 
sites, termed the external reference sequence (Appendix C, Table 14). These sequences are 
common in both Ler and Col accessions and were used to create a baseline for relative 
genomic copies of the region next to the indel locus in a given sample. Additional primer sets 
were designed with one primer internal to the Col insertion sequence of the indel. In this 
scenario, only those sequences with the Col insertion sequence are amplified in qPCR. Each 
set of primers amplified a region approximately 100-300 bp in length. 
qPCR was done using Bio-Rad Real-Time thermal cycler CFX96 using the CFX 
Manager software. DNA samples (6 ng/sample, 3 ng/sample for plants grown on ROS 
inducing media) from 10 individuals were pooled prior to amplification. Each pooled DNA 
sample was run in three technical replicates. Samples were also assayed individually. The 
reaction set-up for samples was as follows: SsoFast EvaGreen Supermix (Bio Rad), 0.5 µM 
reverse primer, 0.5 µM forward primer, 60 ng of template (30 ng for those plants grown on 
ROS inducing media), and water to a total volume of 10 µL. The following qPCR program 
was used: 98
o
C for 2 min, 39x[98
o
C for 2 sec, 60
o
C for 5 sec + plate read], Melt Curve 




C for 10 sec + plate read. Data were analyzed using Bio 
Rad CFX Manager Software version 1.5. 
Each qPCR run included standards consisting of serial dilutions of known DNA 
concentration and composition. This DNA was made of linear pieces of 700 to 900 bp 
purified amplicon that contained the indel region for the marker of interest and would 
therefore amplify in qPCR. The primers used for synthesizing the standards for the respective 
indels can be found in Appendix C, Table 17. Ten-fold dilutions of standard DNA in TE 
buffer ranging from 5 x 10
-11
 ng to 5 x 10
-17
 ng were used with the external reference 
sequence primer sets. Dilutions ranging from 5 x 10
-12
 ng to 5 x 10
-18
 ng were used with the 
internal primer sets. Each standard dilution was run in technical duplicate. A ‘no template’ 
control was included in technical duplicate to test for DNA contamination. In some of the 
runs a Ler control (10 ng) was included. Following amplification, the qPCR products were 
size separated and visualized using agarose gel electrophoresis. 
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DNA quantification and dilutions: DNA was quantified using a spectrophotometer 
(NanoDrop 1000 3.7.1 Thermo Fisher Scientific Inc). Dilutions of 20 ng/µl of DNA were 
made for each sample. Aliquots of 20 ng/µl for 10 pooled DNA samples (from the same 
population) were made for the plants grown on ½ MS agar, so that each aliquot needed to be 
thawed only once. Due to the lower amount of recovered DNA for plants grown on ROS 
inducing media, aliquots for these plants were diluted to 10 ng/µl.  
Copy number calculations: The copy numbers of DNA sequences for the serial 
dilutions of standard DNA were calculated using the following equations with the Microsoft 
Office Excel 2007 software.  
 
                                                                     
 
                               
 
             
                 
 
 
                            
            
                              
 
 
The copy number in the standards were plotted against the C(t) values generated by the 
CFX Manager software using an automatically generated single baseline threshold set using a 
baseline subtractive curve fit. An exponential trendline was obtained using the Excel 
software. This equation was used to calculate the copy numbers for the experimental samples 
using the average C(t) value of the technical replicates. Each qPCR run included a set of serial 





Sequencing was performed at The Centre for Applied Genomics, The Hospital for 
Sick Children, Toronto, Canada. The indel regions T14G11, F23M2, and T6H20, were 
sequenced using the primers in Appendix C, Table 16. Sequencing was done directly on 
purified PCR products. A small portion of the PCR products were run on an agarose gel to 
verify amplification and product size prior to sequencing. PCR products were purified using 
the EZ-10 SPIN Column PCR Products Purification Kit (Bio Basic Inc.). The PCR program 
used to amplify products is as follows: 94
o
C for 2 minutes, 35x [94
o
C for 30 sec, 52
o
C for 30 
sec, 72
o
C for 50 sec], 72
o
C for 7 min., hold at 4
 o
C. The extension time at 72
o
C in the cycle 
repeated 35x was increased to 80 sec for amplification of LC-2-13 #W1 DNA. 1 unit of Tsg 
DNA polymerase (Bio Basic Inc.) was used per reaction in the following reaction mixture: 







The goal of this project was to investigate factors that could promote intraorganismal 
genetic heterogeneity (IGH) in Arabidopsis plants. This was done by screening for and 
identifying mosaic Arabidopsis plants with the specific goal of identifying marker changes 
that might have arisen as a result of the reacquisition of non-parental alleles or genomic 
restoration events. ADK silencing, temperature stress, mechanical wounding and ROS 
induction were examined as possible environmental triggers. Size-based PCR genotyping was 
used to assay genetic changes at selected genomic loci in combination with quantitative PCR 
and screening of fluorescent markers. Two transgenic lines that induced ADK silencing 
through use of an artificial microRNA (amiADK) or with eGFP expression (ADK::eGFP) 
were used. The temperature stress was applied to amiADK hybrid F3 seedlings. Wounding 
and ROS stress was applied to the wild-type hybrid plants and both seedlings and adult plants 
were genotyped. Wild-type hybrid lineages were derived from crosses made between the 
Columbia and Landsberg accessions. 
Assessing temperature effects on genome stability 
Preliminary experiments using the amiADK x Ler line revealed one F3 seedling with a 
mosaic profile (S. Lolle unpublished results). The seedling (#34) had a homozygous Ler root 
profile and a heterozygous shoot profile for the indel F12K11 (Figure 8). Its parent was 
homozygous Ler at this marker. 
 
Figure 8: Digital photograph of an agarose gel showing DNA PCR-amplified from Ler x amiADK F3 seedlings (F2#11), 
using primers for marker F12K11. Information: Ladder – GeneRuler 100bp Plus DNA Ladder;  Col (C); Ler (L); Col x Ler 
hybrid (H); root sample (R); shoot sample (S); 4% TAE agarose gel. The top gel is a photograph of homozygous Col, Ler and 
heterozygous alleles.  
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To follow up on this initial finding additional seedlings descended from Columbia-
Landsberg hybrids of amiADK line, amiL-5-1, were grown at three temperatures (21˚C, 15˚C 
and 4˚C), bisected at the root-shoot junction and DNA preparations made for each. The 
quality of the recovered DNA sample from each sample was variable, with shoot samples 
being especially problematic. Although in total there were 105 seedlings in each group (103 in 
the 4
o
C group), only a portion (shown in Table 2) had good PCR amplification for both the 
root and shoot preparations. As molecular profiles were being compared between organ 
systems for individual seedlings, only those samples producing scorable bands following the 
agarose gel electrophoresis for both the root and shoot were included in the final analyses or 
tally (Table 2).  
 
Table 2: Summary of total number of seedlings assayed at the 
temperatures shown using the molecular markers indicated. 
 Number of root and shoot samples 








F12K11 99 98 64 
F23M2 89 92 97 
T6A23 105 88 15 
T11I18 29 30 N/A 
F8D20 82 85 92 
MSA6 77 27 15 
 
For the majority of the samples, no deviation from the expected genotype of was 
found. However, there were two individuals that deviated from the parental genotype in the 
group grown at 21
o
C. The seedling, designated amiL-5-1 #7 was found to have a profile 
different from the F2 parent (designated amiL-5 #1, see Table 4), although the root and shoot 
had the same profile. The second seedling, (amiL-5-5 #55) had discordant shoot and root 
profiles for marker MSA6.  
 
Table 3: Summary of molecular profiles for amiL-5-1 #7 and #55 and their F2 parent amiL-5 #1 
Marker F12K11 F23M2 T6A23 T11I18 MSA6 F8D20 
Plant R S R S R S R S R S R S 
(F2 ) amiL-5 #1 L L L L H L 
amiL-5-1 #7 (F3) C C C C H H L L C C L L 




The marker MSA6 which was heterozygous in the F2 parent, was also used for PCR 
profiling. For MSA6, the root section of seedling #55 in the 21
o
C group was found to be 
homozygous Col but the shoot was heterozygous (Table 3, Figure 9).  
 
Figure 9: DNA PCR-amplified shoot and root samples obtained from individual F3 
seedlings from the line amiL-5-1 grown at 21
o
C for marker MSA6 on agarose gel. 
Homozygous Columbia (C), Landsberg erecta (L), heterozygous (H), and no template (nd) 
controls are to the left. The F2 parental plant (amiL-5#1) is heterozygous at MSA6  (see 
table 4). Shown are root (R) and shoot (S) PCR products for F3 progeny seedlings #53, 54 
and 55. The root and shoot profile for seedling #55 differs (red arrows). 
Surveying ADK transgenic adult plants for mosaicism 
 
DNA samples from nine flowering F2 
plants (Lami-1 lineage) were profiled using the 
16 indel markers. There was a range of 
phenotypes from severely ADK deficient to wild-
type-like (Figure 10). No marker deviations were 
found for any of the nine plants tested. The results 





   
Figure 10: Range of phenotypes found in 
Lami-1 F2 plants. Phenotypes range from 




Table 4: Summary of PCR genotyping results for the 9 Lami-1 F2 plants sampled. 
Lami-1 F2 
plant # 
# of samples 
per plant 
# of markers in profile 
(Appendix C, Table #) 
# of confirmed sequence 
changes 
16 6 all 16 
none 
17 6 all 16 
18 15 all 16 
19 5 all 16 
20 13 all 16 
21 12 all 16 
22 10 14 (excluding F4C21 and F16J13) 
23 10 14 (excluding F4C21 and F16J13) 
24 12 14 (excluding F4C21 and F16J13) 
 
Phenotypic assessment of genome stability using an ADK1::GFP 
fluorescent line 
Fluorescence in the seedlings of the control ADK1-GFP transgenic lines was found to 
be strong in epidermal and vascular tissue. The most noticeable fluorescence was seen in leaf 
epidermal cells (Figure 11A). The pattern of eGFP fluorescence is different from auto-
fluorescence of the underlying chloroplasts. Cells near damaged tissue tended to auto-
fluoresce at the same wavelength of eGFP. The fluorescence in epidermal cells was used as a 
guide for screening for eGFP fluorescence in non-transgenic segregant F3 seedlings (derived 
from F2 parents that had not inherited the transgene). One seedling (Hadk4-1-1, Table 6) was 
positive for eGFP fluorescence. The shoot tissue as well as root tissue expressed eGFP 
fluorescence in patterns reminiscent of the fluorescent controls (Figure 12). 
 
 
Figure 11: Transgenic A. thaliana (ADK1-GFP) seedling expressing eGFP fluorescence in leaf tissue 




Table 12: Hadk4-1-1 fluorescent seedling eGFP expression in leaf (left) and roots (right). 
 
DNA was isolated from the non-transgenic F3 seedlings and used in size-based PCR 
genotyping. The summary of total number of F3 seedling samples profiled for each of the 
progeny populations can be found in Table 5. Also included in the table are the total numbers 
of markers assessed in the profile. One out of 94 of the non-fluorescent seedlings, designated 
Hadk1-1-3 #12, had four heterozygous markers whereas the parent was homozygous for the 
deletion or insertion at these same loci. Four other homozygous markers, however, remained 
unchanged. The seedling’s profile as well as the F2 parent of that particular F3 population is 
found in Table 6. 
 
Table 5: Summary of PCR genotyping for Hadk F3 plants 
Hadk F3 
population 
# of F3 
seedlings 
genotyped 
Markers assessed  
(Appendix C, Table #) 
# F3 seedlings with 
differing profiles 
1-1-3 94 F12K11, F15H11, MSA6, T6H20, MNJ8, MGI19 1 
1-1-5 96 F23M2, T11I18, MSA6, MNJ8, MGI19 0 
2-3-2 92 F12K11, T6A23, MSA6, F2P16, MNJ8, MGI19 0 
2-3-5 96 
F23M2, T14G11, T6A23, T11I18, MSA6, T6H20, 
F4C21, F16J13, MGI19 
0 
3-1-1 96 F23M2, T6A23, MGI19 0 
3-1-5 96 F12K11, F8D20, F2P16, MNJ8, MGI19 0 
4-1-1 96 
F15H11, T11I18, MSA6, F4C21, F16J13, F8D20, MNJ8, 
MGI19 
1 
4-1-3 96 F12K11, F2P16 0 
5-1-1 96 F5J5, F6D8, F15H11, F23M2, F2P16, MNJ8, MGI19 0 




One seedling out of 96 in the Hadk4-1-1 population was found to be fluorescent. DNA 
was isolated from one leaf of that fluorescent plant and used for molecular genotyping. The 
results are summarized in Table 6. The profile of the fluorescent seedling does not match that 
of the F2 parent. Five homozygous parental markers were heterozygous for the fluorescent F3 
seedling whereas 7 other homozygous markers remained unchanged. This fluorescent 
seedling was grown to maturity and its seeds were collected. 
 


































































































Hadk1-1 #3 (F2) L H H L H H C H L L C H H H L L 
Hadk1-1-3 #12 (F3) H H H L H L H H H L H L H H L L 
 
Hadk4-1 #1 (F2) H C C L H C C L L H L L L H L L 
Hadk4-1-1 (F3) 
fluorescent seedling  
L H C L L C C L L C H H H H H L 
 
Assessing the effect of mechanical wounding and ROS exposure on 
genome stability 
Five to eleven tissue samples were harvested from 10 F2 wild-type adult hybrid plants. 
The rosette leaf sample was profiled using for all 16 indel markers while the remaining 
samples were profiled using only those markers that scored as homozygous for the deletion 
(the Ler allele) based on the profile obtained from the rosette leaf. A summary of the results 










Table 7: Molecular genotyping of wild-type hybrid F2 plants for detection of mosaicism 
F2 Line Plant # 
# of 
samples 
Homozygous Ler markers assessed 
(Appendix C, Table #) 
# of plants with 
sequence differences 
CL-2 
11 8 F12K11, MSA6, T6H20, F16J13 
0 
12 7 F5J5, F6D8, MSA6, F4C21, F8D20, F2P16, MNJ8 
LC-2 
12 8 T6H20, F8D20 
13 10 F23M2, T14G11, T6A23, T11I18, MSA6, T6H20 
14 9 F2P16 
CL-3 
12 11 F12K11, F23M2, T14G11, T6A23, F8D20 
13 11 F16J13, F8D20 
14 7 F6D8, T11I18, MSA6, T6H20 
LC-3 
11 7 F12K11 
12 5 F12K11, F8D20 
 
Five populations of F3 plants derived from the above F2 plants (75 plants in total) 
were mechanically damaged as described in the Materials and Methods section. Despite being 
wounded, plants recovered well and, based on visual inspection, did not seem to be adversely 
affected by the treatment. Tissue samples taken before wounding and samples taken from 
each new shoot were genotyped using markers that were homozygous for the deletion in the 
previous generation. No marker differences were identified between the samples obtained 
before and after wounding. The summary of the genotyping data can be found in Table 8.  
 
Table 8: Summary of genotyping results for wild-type hybrid F3 plants  
Line Markers assessed Treatment 
# of plants with 
sequence differences 




CL-2-12 F5J5, F6D8, MSA6, F4C21, F8D20, F2P16, MNJ8 
No treatment 
Wounding 
LC-2-13 F23M2, T14G11, T6A23, T11I18, MSA6, T6H20 
No treatment 
Wounding 
CL-3-12 F12K11, F23M2, T14G11, T6A23, F8D20 
No treatment 
Wounding 




Progeny from three of the lines in Table 8 were genotyped using markers that were 
homozygous Ler in their respective F3 parent. F4 progeny from both the wounding and no-
treatment F3 groups were evaluated. No marker changes were found in either group (Table 9). 
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To evaluate the effect of ROS inducting media, F4 seedlings from F3 plants in the no 
treatment groups were grown in Petri plates with ROS inducing substrate. DNA was prepared 
from whole seedlings and genotyped using indel markers (Appendix C, Table 13). A 
summary of the results for the F4 seedlings is found in Table 9. With one exception (LC-2-13-
C13 #48), no marker differences were found in any of the populations. LC-2-13-C13 #48 was 
grown on ROS inducing media. This seedling was found to be homozygous Col at marker 





Table 9: Summary of genotyping results for wild-type hybrid F4 seedlings grown on ½ MS 
or ROS inducing media. 
Treatment Line 
# of seedlings 
genotyped 
Markers assessed 








F5J5, F6D8, T14G11, T6A23, MSA6, T6H20, 
F4C21, F8D20, F2P16, MNJ8 
0 
LC-2-13-C1 100 




F23M2, T14G11, T6A23, T11I18, MSA6, 
T6H20, F8D20, F2P16 
0 
CL-3-12-C5 100 

















F5J5, F6D8, T6A23, MSA6, F4C21, F16J13, 
F8D20, F2P16, MNJ8 
0 
LC-2-13-W8 100 
F23M2, T14G11, T6A23, T11I18, MSA6, 
T6H20, F2P16, MNJ8 
0 
LC-2-13-W10 106 
F15H11, F23M2, T14G11, T6A23, T11I18, 
MSA6, T6H20, F16J13, F2P16, MNJ8 
0 
CL-3-12-W7 100 
F12K11, F6D, F15H11, F23M2, T14G11, 
T6A23, T11I18, MSA6, F8D20 
0 
CL-3-12-W11 100 








F6D8, F15H11, F23M2, T14G11, T6A23, 








F5J5, F6D8, T14G11, T6A23, MSA6, T6H20, 
F4C21, F8D20, F2P16, MNJ8 
0 
LC-2-13-C1 96 








F12K11, F6D8, F15H11, F23M2, T6A23, 
F8D20 
0 
CL-3-12-C15 96 F12K11, F23M2, T6A23, F8D20 0 
 
Verification of ROS induction  
Two different assays were used to verify that ROS were induced by the experimental 
treatment. First, seedling growth was compared to mutant oxt1 seedlings that show improved 
tolerance to oxidative stress. Wild-type seedlings grown on ROS inducing media had 
comparable shoot growth to those grown on ½ MS media. The roots were significantly 
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shorter, however (Figure 13). The mean root lengths of the WT and hybrid seedlings grown 
on ROS media were reduced relative to the oxidative stress resistant oxt1 seedlings at a 95% 
confidence level (Table 10; Figure 14). 
 
 
Figure 13: Comparison of seedlings grown on ROS inducing media (40µM 
BSO + 2µM AT). Seedlings were grown under the same growth conditions 
for 10 days. WT Col and hybrid F4 seedlings have inhibited growth 
compared to oxt1 seedlings. 
 
 
Table 10: Mean root lengths of 10 day old seedlings grown on ROS inducing media 
 Seedling Line 
 Oxt1 WT Col WT Ler CL-3-12-C6 CL-2-12-C5 CL-2-12-C15 
Mean root length (mm) 14.09 6.23 7.52 8.03 7.00 8.09 
Standard deviation 4.93 1.42 2.44 2.41 1.65 1.24 
P Value --- 1.278 x 10-17 2.41 x 10-7 3.71 x 10-8 8.54 x 10-10 2.63 x 10-7 
 
 
Figure 14: Mean root lengths of 10 day old seedlings grown 
on ROS plates (½ MS + Suc + 40 µM BSO + 2 µM AT) 























Mean root lengths of 10 day old seedlings 
grown on ROS inducing plates 
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DAB staining was used as a second means of establishing that treatments induced 
ROS (Figure 15). The staining pattern of seedlings grown on ROS inducing plates is 
consistent with H2O2 accumulation in leaf cells, and more noticeably, in vascular tissue 
(Figure 15A). Younger leaves tended to stain more than older leaves. Trichomes, where 
present, were also deeply stained. The whole root was stained darkly and relatively uniformly. 




Figure 15: DAB staining of A. thaliana leaves and whole seedlings. Dark brownish-purple stained 
areas indicate high levels of H2O2 (red arrows). A: WT Col seedling grown on ROS inducing media. 
B: WT Ler seedling grown on ½ MS. C: non-wounded leaf (left) and mechanically damaged leaf 
(right).  
 
 To avoid staining due to tissue damage, seedlings were removed with care from the 
growth media. The areas where the tweezers inadvertently damaged the seedling or where the 
roots had been torn, however, became stained. Wounded leaves had small deposits of dark 
stain around the damaged tissues (Figure 15C). There is also some dark stain at the end of the 
stem where the leaf had been excised. The untreated leaves also showed slight staining near 
the incision, with some deposition in the vascular tissue. The rest of the untreated leaf, 
however, showed no staining reaction above background levels. Background stain appears as 





Assessing marker profiles using quantitative PCR analysis 
F4 plants from the LC-2-13 wild-type hybrid lineage were assayed by qPCR using 
three different indel markers, T6H20, F23M2 and T14G11. Out of the three experimental 
groups (250 plants in total), a novel insertion sequence was detected in 41 untreated control 
F4s grown on ½ MS agar and one wounded F4 descendant plant grown on ½ MS agar. These 
42 positives shared sufficient homology to an internal primer to direct PCR amplification and 
generated product in all three technical replicates. An example of qPCR products size 
separated on an agarose gel is shown in Figure 16. 
 
 
Figure 16 Digital image of an ethidium bromide stained agarose gel showing 151bp qPCR products 
obtained when using one primer homologous to the insertion sequences for marker T6H20. Samples 
C4-9 and C4-10 (LC-2-13 lineage) have the correct sized products in all three technical replicates. The 
Ler DNA controls and the no template controls did not produce PCR products. STD 1 and 7 represent 
two DNA dilutions used as standards to calibrate the amplification curve. 
 
The Ct value is defined as the cycle in which the amplification curve crosses the 
threshold. The amplification curve correlates directly with the increase of the fluorescent 
signal. The threshold is the level of fluorescence above the baseline, where the signal is not 
considered background. The baseline is the average background noise level calculated using 
the early cycles when there is no detectable fluorescent signal increase due to the synthesis of 
double stranded PCR products (Eurogentec, 2008). Samples with higher starting 
concentrations of template DNA will have amplification curves that cross the threshold at 
earlier cycles.  
For the 41 individuals scoring positive for an insertion in the untreated group, only the 
marker at the T6H20 locus showed evidence of new insertion sequences. The calculated copy 
number of insertion sequences relative to external reference sequence varied greatly, ranging 
from as low as 0.61 copies to as high as 729.6 copies per 100,000 external reference 
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sequences. Out of the 41 plants, 17 plants had a mean Ct that was 35 or higher. 19 plants had a 
mean Ct that was between 30 and 35, and only 3 plants had a mean Ct below 30.  
One individual in the wounded group designated W1-14 was found to be positive for 
several novel insertion sequences and tested positive for insertions within three markers. For 
the markers F23M2, T14G11, and T6H20, there were 49.7, 771.0, and 1402.4 copies per 
100,000 external reference sequences, respectively. A summary of copy numbers of insertion 
and external reference sequences can be found in Appendix C. A graphical representation of 




Figure 17: Relative copy number of novel insertion sequences for WT hybrid F4 seedlings (number of 
internal sequences per 100,000 external reference sequences). Three markers are shown, T6H20 (blue 





DNA sequence analyses 
Sequence data for W1-14 and the corresponding F3 parent plant (LC-2-13-W1) was 
obtained for genomic regions approximately 600 base pairs on either side of the indels 
F23M2, T14G11, and T6H20.  A comparative analyses of these sequences revealed that the 
parental sequence is not identical to W1-14 at any of the loci analyzed (Figure 18). W1-14 
sequences at these loci shared homology with the Col-0 reference genome but included 6 
nucleotides polymorphisms (arrowheads, Figure 18) plus a 28 base pair insertion downstream 
of the original F23M2 marker that matched Columbia sequences precisely. At the T14G11 
indel locus, W1-14 has acquired a 73 base pair insertion that is identical to the 74 base pair 
insertion found in Columbia with one exception. The full sequence alignments can be found 
in Appendix D, E and F. 
 
 
Figure 18: DNA sequence alignments comparing Landsberg, Columbia, LC-2-13-W1-14 and its F3 
parent at three loci (F23M2, T6H20 and T14G11). Pink boxes indicate indel sites and arrows indicate 
sites of single nucleotide polymorphisms. The LC-2-13-W1-14 (shortened to W1-14) DNA sequence 
is identical to the Columbia sequence. 
 
Sequencing was not completed for the plants LC-2-13-C2-18, LC-2-13-C5-21 and LC-
2-13-C7-4 due to technical difficulties. The three samples were genotyped using the indel 
marker primer for T6H20 as well as the qPCR internal primers (Appendix C, Table 14). No 
Col sized bands were seen when analyzing the PCR products from the reaction using the indel 
marker primer set (Figure 19A). Only bands corresponding to the Ler allele were seen. 
However, Col sized PCR products were made when using the qPCR internal primer set 
(Figure 19B). The band was faint for LC-2-13-C2-18 and LC-2-13-C5-21 but strong for LC-
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2-13-C7-4 and is consistent with the quantitative data obtained by qPCR (Figure 17). The 
internal sequencing primers, for example T6H20_seqint_R1, are homologous to the insertion 
found in Col. The PCR reactions using the sequencing primer sets for T6H20 (Appendix C, 
Table 14) did not produce any bands. 
 
Figure 19: Agarose gel electrophoresis of PCR products for three LC-2-13 F4 DNA samples using 
indel marker primers (A) and qPCR internal primer (B) sets. Columbia (C), Landsberg (L), no 
template (nd).  
 
Assessing marker stability in A. thaliana in response to tissue culture 
The following results were obtained by Chris Hammill as part of his undergraduate 
thesis project. Callus tissue and regenerated plant tissue were derived from seedlings 
belonging to LC-2-13 F4 populations and genotyped. Approximately 2/3 of root explants 
produced callus tissue, an example of which can be found in Figure 20A. The callus tissue 
was maintained over five transfers to new growth media and about ¾ of the fifth generation 
callus tissue had shoot regeneration. The types of tissue induced on shoot inducing media 
varied from whole rosettes with multiple sets of true leaves (Figure 20B) to unidentifiable 
green pigmented structures (Figure 20D). On shoot-bearing tissue, root development was 
induced (Figure 20C). In total, whole plant regeneration was achieved in eight tissue cultures. 
Five of the resulting plantlets survived following transfer to soil and only three of the 





Figure 20: Callus induction using A. thaliana tissue. A: root-derived callus tissue, following one 
month in culture. B: shoot induction from root-derived callus on SIM media, rosette development is 
indicated by an arrow. C: root growth, indicated by an arrow, initiated following transfer of callus to 
hormone-free media. D: green tissue masses derived from root-callus on SIM media.  
 
Molecular genotypes were determined for each plant line prior to callus induction, 
during progression through tissue culture and following plant regeneration. DNA profiles 
were determined for the seedlings used to initiate callus formation (to verify starting 
molecular profiles), for tissue prior to each of five tissue transfers following shoot induction 
and for seedlings obtained from fully regenerated plants. No differences in indel marker 
profiles were found in the callus tissue in any of subcultured generations. Also, of the 30 seed 
progeny tested that were obtained from the regenerated plants, none showed deviation in their 
indel marker profiles (Table 11).  
 
Table 11: Summary table comparing the genotypes of each tissue sample profiled from the 
three experimental treatments. Genotypes for each marker were either homozygous Landsberg 
(Ler) or there was no amplification (No amp; genotype unknown). 
 
Genotype at Marker 
















Sub-culturing 59 58 1 49 10 55 4 57 2 57 2 
Shoot induction 20 20 0 20 0 19 1 20 0 19 1 
Regenerated 
plant seedlings 







Traditionally, intraorganismal genetic heterogeneity (IGH) is thought to occur 
infrequently with genetic homogeneity being the norm. There is, however, increasing 
evidence that IGH is more widespread than previously thought. Taking the form of mosaicism 
or chimerism, IGH has been documented in bacteria, protists, fungi, vertebrates, and plants 
(Pineda-Krch and Lehtila, 2004). Also, modular organisms, such as plants, have a tendency 
towards IGH. We see this in long-lived trees as well as in short-lived plants like Arabidopsis. 
In Arabidopsis we see a form of IGH arising from a mechanism termed restoration, where 
individuals had reacquired previously lost ancestral genetic sequences. The mechanism 
behind this newly discovered inducer of IGH is not currently known. We also do not know 
how widespread restoration is in the plant kingdom. The potential value of this mechanism 
cannot be fully appreciated until we further our knowledge of it.  
Finding triggers that would up-regulate the frequency of restoration events might shed 
some light on the mechanism. In order to accomplish that goal the effect of stresses were 
examined in Arabidopsis. It is hypothesized that the following stresses are triggers that 
elevate restoration frequency: metabolic stress, temperature stress, mechanical wounding and 
elevated ROS exposure. The aforementioned stresses were applied to two transgenic ADK 
silencing lines and a wild-type hybrid line. The genomic-targeted effects, in the form of 
restoration events, were measured using molecular genotyping techniques.  
These methods yielded an outcome contrary to that predicted by the initial hypothesis 
and show that stress is perhaps an inhibitor of restoration. Non-stressed plants appear to have 
a higher frequency of restoration in comparison to stressed plants. This was especially 
apparent when qPCR, a sensitive and accurate technique, was used for genotyping plants in 
the mechanical wounded experiments. qPCR revealed that there was a high frequency of 
restoration in the progeny of un-treated control plants, but this was not the case for the 
progeny of the wounded plants. We can speculate about what these results might mean in the 




Restoration as a Mechanism for Mosaicism 
The first experiments explored restoration frequency on temperature stressed ADK- 
deficient lines. The cold stress experiments were done on seedlings from the line amiL-5-1. 
This line is derived from a single self-fertilized plant (derived from an initial amiADK x Ler 
cross; see). In this experiment, cold stress did not increase restoration frequency. In fact, no 
revertant seedlings were found in the stressed groups. Two revertant seedlings were found, 
however these were in the control group.  
The two revertants, numbered 7 and 55, had different genetic profiles than their parent 
(Table 3). Seedling #7 differed from its parent at three indel markers. Two markers scored as 
homozygous for the insertion and one marker scored as heterozygous (Table 3). Since the 
parent was homozygous for the deletion for those three markers, #7’s profile suggests that it 
could have double reversions and single reversions of alleles. Seedling #55 was also 
remarkable. Plant #55 was found to be a mosaic as its root and shoot had differing genetic 
profiles (Figure 9, Table 3, marker MSA6). Both alleles in the root carried the insertion, while 
the shoot was heterozygous. As its parent was also heterozygous at that marker, it is not clear 
if there was a reversion to the insertion allele in the root or a reversion to a deletion allele in 
the shoot. It is also possible that there was a double reversion in one tissue section and only a 
single reversion in the other.  
Identification of revertants in seedlings grown at control temperatures but not at the 
other two temperatures could be due to either a real biological phenomenon or could be 
attributed to technical errors. The quality of the seedling DNA preparations was variable, 
resulting in poor or no PCR amplification for some samples. Although over 100 seedlings in 
each temperature group were genotyped, not all PCR amplifications generated usable data. 
Table 2 provides a summary of the number of usable data points. In addition, certain PCR 
primer sets that did not drive good amplification, notably, T11I18. This technical problem led 
to an incomplete genetic profiling of the amiL-5-1 F3 population. As such, it is possible that 
reversion events were missed. 
Plants from the other ADK-deficient line where the original stocks harboured an 
ADK::GFP construct were examined for evidence of restoration of the transgene. The plants 
were the progeny of non-transgenic parents derived from segregation in the hybrid ADK-GFP 
lines (Hadk). Thus, fluorescent sectors in these plants can be used as indicators of restoration. 
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Molecular genotypes for these same lines were determined concurrently. The genetic profiles 
of two seedlings did not match the profiles of their respective parents based on Mendelian 
segregation. These will be designated simply as the fluorescent seedling and seedling #12 
(Table 6). In both cases, the seedlings had heterozygous alleles for markers that were 
homozygous in the parental generation. Restoration could have caused the allele change to 
heterozygosity in both seedlings as well as the reappearance of the transgene in the 
fluorescent seedling. The sequence information would have been cached for at least one 
generation, the parental generation, as the restored alleles were indeed present in the 
grandparental generation. If the plant had restored the transgene, this result would show that 
the restoration mechanism can cache new genetic information and re-integrate it into the 
genome with minimal or no mutations.  
The results can be explained in other ways, however. It is possible that the DNA 
preparations were contaminated with Col or Ler DNA. The contaminating DNA would 
therefore be the source of template that produced the aberrant PCR products seen in the 
agarose gel. It is also possible that the revertants are actually the result of cross-pollination 
with foreign pollen. Although plants were grown in a manner that minimized cross-
pollination, the plants were not totally isolated from one another in the growth chamber. Also, 
seed pools may have been cross-contaminated with stray seeds from other plants. For the 
majority of aforementioned cases the alternate explanations cannot totally be ruled out. 
However, there is a robust example of IGH found in seedling #55 (amiL-5-1 line). Here, the 
root and shoot sections differ in genetic profiles, thus ruling out pollen cross-contamination 
and seed cross-contamination. It is the most compelling example of IGH presented so far.  
Wild-type hybrid lines were also examined for restoration. Each generation of plants 
were profiled using molecular genotyping. Adult plants (F2 and F3 generations) as well as 
seedlings (F4 generation) were genotyped. F3 and F4 plants belonged to the wounding, no 
treatment, or ROS groups. No sequence aberrations were found in any samples in any of the 
groups, as summarized in Tables 7, 8 and 9. 
The level of sensitivity of the PCR assay could have resulted in a reduced ability to 
detect restoration events. The PCR genotyping method used in the majority of experiments 
relies on sequences that flank the indel site. These regions are homologous in both Col and 
Ler genomes. Insertion sequences may not be amplified to a degree that can be visualized by 
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agarose gel electrophoresis if the sequences are at a very low abundance level. Also, flanking 
Col sequences may also be competing less effectively with Ler sequences for primers, thereby 
further reducing the amplification of the Col sequence.   
Experimental evidence comparing PCR products obtained using flanking indel primers 
as opposed to primers where one primer hybridizes within the insertion sequence suggest that 
the actual number of insertion events may have been underestimated. As shown in Figure 
18A, no insertion is detected at the locus when the flanking indel marker primer set was used. 
However, a product corresponding in size to the Col product is amplified when one of the two 
primers is homologous to a region within the insertion sequence (Figure 18B). This finding 
suggests restoration events may have been missed because of the sensitivity of the size-based 
PCR assay used. 
Quantitative PCR (qPCR) is a sensitive, real-time method that can be used to 
accurately quantify DNA. QPCR was used to identify possible revertant hybrid plants in the 
control, wounded and ROS experimental groups. In addition to having increased sensitivity, 
this method allowed quantification of sector size in an individual sample by comparing the 
number of insertion sequences to the copy number of a genomic region immediately flanking 
the indel locus serving as a reference sequence. Plants in the wounded and ROS experimental 
groups were assayed using qPCR and compared to control (non-treated) plants at three marker 
loci; T6H20, F23M2 and T14G11. No marker changes were detected following ROS 
treatments. However, in the wounded group, one plant, designated LC-2-13-W1-14, scored 
positive for insertions at all three markers. Interestingly, in the control group 41 plants scored 
positive for insertions at the T6H20 marker (Figure 16, Appendix B).  
The calculated copy number of insertion sequences for LC-2-13-W1-14 varied from 
marker to marker. In addition to showing robust amplification, a PCR product of the correct 
size was produced making it unlikely that the products are the result of non-specific binding. 
Of the three markers, the T6H20 locus showed the largest number of insertion copies. It was 
found that there were 1402 copies of insertion sequences per 100 000 external reference 
sequences, or in other words about 14 in 1000 DNA strands, carried the insertion.  
If all insertion events for LC-2-13-W1-14 occurred concurrently in the same target 
cells, the copy numbers should be identical for all three markers. However, copy numbers 
differed between markers. This suggests that the restoration events did not arise at the same 
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frequency for each locus. One possible explanation for this disparity is that DNA sequence 
changes occur independently at each locus and may not be conditioned by events at other loci.  
It may be that each genetically distinct sector detected using qPCR resides in different parts of 
the plant. Because DNA was isolated from samples consisting of relatively large amounts of 
uniformly homogenized tissue we cannot detect sectors separately. Based on the data 
presented here, TH620 appears to be a hotspot for genomic sequence changes. 
DNA sequence analysis of LC-2-13-W1-14 for the insertion site and regions flanking 
it revealed homology to wild-type Col sequences and not the F3 parent sequence. Also, upon 
further investigation using PCR molecular genotyping, it was found that LC-2-13-W1-14 
scored positive for the insertion sequence for markers MSA6, F16J13, F2P16, and MGI19, all 
markers that were homozygous Ler in the F3 parent (Figure 18). Finding insertion sequences 
for all markers expected to be homozygous for the deletion could mean that the sample was 
contaminated with wild-type Col DNA. Also, polymorphisms found in LC-2-13-W1-14 such 
as single nucleotide polymorphisms and indels were also identical to wild-type Col, not the 
parental DNA. It is however possible that that the restored sequence tract covered the entire 
area sequenced given that the extent of a restored sequence tract is not yet determined.  
The results for LC-2-13-W1-14 may suggest that the restoration events occurred on a 
global genomic scale over multiple unlinked loci. This could mean that there were targeted 
sequence reversions that occurred at the examined loci, or there could have been larger 
sections of the genome acquired sequence reversions. These reversions could have been 
limited to one sector in the plant, or there could be several small sectors dispersed throughout 
the plant with each having reversions occurring at different loci. As each plant was examined 
as a mixture of total DNA, the size of this sector, or where it arose on the plant could not be 
determined.  
Due to the nature of the qPCR assay, it is not clear if what reversions occurred within 
a given chimeric sector. Also, the reversions may have arisen at any point in time of the 
plant’s development. A sector arising early in development, for example, will be larger than 
those developing at a later stage as the initial cell or cells that experienced restoration would 
have had more cell divisions before the leaf matured. The sector of cells that carry the trait 
will be larger. It is likely that the restoration events occurred fairly late in development based 
on the low copy number of sequences that carry the insertion. IGH was detected at the 
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seedling stage as well as older plants. So, it is likely that genome fluctuations are ongoing and 
dynamic and not limited to specific developmental stages. 
 Although the copy number of sequences carrying the insertion was normalized 
relative to the reference, there were still differences in apparent restoration frequency between 
loci for LC-2-13-W1-14. One trivial explanation is that the differences were caused by 
uneven degradation of DNA. DNA can be bound by histones as nucleosomes. In theory, DNA 
associated with nucleosomes are less prone to degradation because they are protected from 
nucleases by bound histones (Thanakiatkrai and Welch, 2010). The differences in histone 
configuration across the genome could account for the differences in degraded DNA. For 
example, the calculated copy numbers of external reference sequences differ significantly 
between markers, with the amount detected for the T6H20 locus being almost double that for 
the F23M2 locus (Appendix B, W1-14 data). This discrepancy may indicate unequal DNA 
degradation, differences in qPCR amplification efficiency between the different primer sets, 
differences in input amount or a combination of factors. 
The T6H20 indel has proven to be an interesting marker for testing restoration. There 
appears to be a fair amount of activity at that locus as indicated by the 41 positive plants in the 
qPCR assay for the no-treatment group alone. The copy number of restored sequences was 
very low and as such, these restoration events would not have been captured by the 
conventional PCR molecular genotyping method only utilizing flanking primers. The products 
can be reproduced using the insertion anchored primer set. The result, however, is a faintly 
visible product in an agarose gel (Figure 19B). Given that the other positive samples 
(excluding W1-14) had insertion copy numbers lower than the three samples in Figure 19, it is 
likely that many positives would still be missed. 
Mosaicism at T6H20 has also been observed in an hth-7 plant (Figure 1) at T6H20. 
Branches from this plant were assayed separately by qPCR using four indel markers, F8D6, 
F15H11, T14G11, and T6H20. Multiple marker changes were detected in each branch, and 
the copy number of insertions varied from marker to marker, reminiscent of the qPCR results 
for LC-2-13-W1-14. The T6H20 locus was found to be particularly active, with the highest 
copy number of insertion sequence per reference sequence for the hth-7 plant. The copy 
number per reference sequence for the hth-7 plant was smaller than that found in the control 
plants, up to 0.8/1000 and up to 7.3/1000 respectively (Hopkins et al., 2011). The discrepancy 
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could be due to the differences in sampling methods of the two experiments. DNA had been 
collected from only a portion of the hth-7 branch, whereas the whole F4 wild-type hybrid 
plant was homogenized for DNA extraction. It is possible that only part of the restored sector 
of the hth-7 plant was used for the qPCR. Alternatively there could be a naturally wide range 
of restoration frequency within and between populations and genetic backgrounds.  
The hth-7 qPCR experiments also revealed restoration at the locus T14G11. However, 
positive restoration events were not found at that locus in the qPCR using the F4 wild-type 
hybrid plants (the only exception being LC-2-13-W1-14). The F23M2 site also did not have 
much activity. The T6H20 locus had a very high frequency of restoration events and could 
potentially be a hotspot for restoration, although the reasons are still unclear.  
The T6H20 indel is located on chromosome 3 in the first intron of Type 1 
serine/threonine protein phosphatase 5 (TOPP5, AT3G46820.1). Protein phosphatases are 
involved in regulation of various processes in Arabidopsis such as abscisic acid signalling, 
auxin transport, and receptor-like protein-signalling (Lin et al., 1997). An integral part of cell-
signalling events, protein phosphatases coordinate for protein phosphorylation and 
dephosphorylation with protein kinases (Wang et al., 2007). The TOPP5 gene encodes the 
catalytic subunit of one of eight identified Type 1 protein phosphatases (PP1) in Arabidopsis 
(Kerk et al., 2002). Knowledge of PP1 genes is limited at this point in time, however, it is 
known that PP1 catalytic subunits are ubiquitously expressed based on expression pattern 
analysis. The PP1 genes have been located to 4 of the 5 Arabidopsis chromosomes. 
Phylogenetic analysis of the predicted amino acid sequences of the A. thaliana PP1 cDNA 
clones reveal that they are highly conserved. They are also similar to the amino acid identities 
of PP1 proteins found in other plant species, as well as fungi and animals. TOPP2 is the 
closest related PP1, having a 92.0% identity when comparing cDNA clones. So, it is possible 
that some percentage of the insertions may have arisen from gene conversion with other genes 
in the genome (Lin et al., 1998). However, the indel sequence in question did not have 100% 
homology with other PP1 genes. 
The high conservation of the PP1 catalytic subunit primary structures across different 
phyla is likely to have been maintained under strong selective pressure through evolution (Lin 
et al., 1998). It seems counterintuitive to have genetic variation in the form of sequence 
reversions at one of the PP1 genes as the PP1 amino acid primary structures are so essential 
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for their function. The T6H20 indel, however, is located within an intron, not the coding 
sequence of TOPP5. Introns in plant genes have been known to contain regulatory elements 
such as enhancer and silencer elements (Reddy and Reddy, 2004; Kim et al., 2006). Also, 
many important regulatory elements have been identified in large introns (over 500 bp), such 
as in the MADS-domain transcription factor genes FLOWERING LOCUS C and SEED-
STICK (Sheldon et al., 2002; Kooiker et al., 2005). It is possible that the large first intron of 
TOPP5, measuring a little more than 500 bp, contains an as of yet unidentified regulatory 
region. It may be that the variation of expression of TOPP5 provides an evolutionary 
advantage rather than the variation of the amino acid sequence. The role of the TOPP5 gene 
in restoration would be an interesting avenue for further investigation. 
 
 
Figure 21: TOPP5 gene model (AT3G46820.1). The qPCR T6H20 indel amplicon is located within 
intron 1 of the TOPP5 gene. Dark shaded areas indicate protein-coding regions, light shaded areas 
indicate untranslated regions.  
 
The Effect of Stress on Restoration Frequency 
Temperature stress was imposed on an ADK silencing line in an attempt to increase 
restoration frequency. The low growth temperature was used as a source of environmental 
stress. Although it was hypothesized that low growth temperatures would stress the plants and 
trigger restoration, there were no cases of restoration in plants grown at the lower 
temperatures. The only cases of restoration were found in the control group (21
o
C growth 
temperature). Two of 105 seedlings in the 21
o
C group were found to have either a different 
genotype from the parent or found to have differing genotypes in their roots and shoots. With 
these results, it appears that lower temperatures may inhibit restoration in seedlings.  
The wild-type hybrid lines were examined more closely using qPCR. The assay 
revealed that the plants from the control, un-treated lines had low but detectable levels of non-
parental sequence insertions while the plants in the wounding and ROS groups did not. Forty-
one individuals were scored as positive for an aberrant insertion in the control lines, whereas 
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in the stressed lines there was only one (found within the wounding group). We can argue that 
the genetic background of the plants may be the cause of the differences in genetic stability 
found between the wounding and un-treated control lines. However, the plants in the ROS 
group were derived from the same population as the un-treated control plants. They have the 
same genetic background which supports the conclusion that ROS exposure not genetic 
background was the factor affecting IGH. These results are similar to that found in the 
temperature stress studies. It appears to contradict the hypothesis that stress elevates 
restoration frequency. 
Plant responses to the external environment are complex. As such, it can be difficult to 
elucidate the factors governing a particular mechanism. There are changes at transcriptional, 
protein, metabolite, and epigenetic levels. Much is still unknown about the individual 
contributing factors in various systems. Even in this post-genomic era, there are a multitude of 
genes and proteins with unknown functions. Also, many, if not most, genes respond to 
endogenous and exogenous stimuli. If the plastic and modular natures of plants are taken into 
account as well, it can be even more difficult to understand the components and processes that 
contribute to a particular response. Epigenetics also plays a large role in the expression of 
genes. 
It was observed that there was generational variation in phenotypes in the ADK- 
silencing pure lines. It is possible that this variation is controlled epigenetically. RNA 
silencing is thought to have developed as a defense against infection with viruses 
(Baulcombe, 2002). ADK has been found to be necessary for viral defence in tobacco (Wang 
et al., 2005), and perhaps the variation of phenotype and expression of ADK is affected by the 
levels of ADK itself. Gene silencing has been shown to be relieved by stress in Arabidopsis. 
This effect was transmissible over a few generations and was able to be reset upon certain 
conditions (Lang-Mladek et al., 2010). Perhaps a similar mechanism gave rise to 
phenotypically wild-type plants that were able to produce progeny with severely silenced 
phenotypes.  
In these experiments, the ADK-silenced lines were crossed with wild-type Ler giving 
rise to large, seemingly healthy F1 progeny with no visible ADK silencing. The loss of ADK 
silencing in the F1 generation could be due to a reduced expression of the transgene given that 
the F1 plants have only one copy of the transgene in the genome. On the other hand, the loss 
46 
 
of silencing appears similar to heterosis. Heterosis or hybrid vigor has been documented with 
Arabidopsis ecotype hybrids. Factors that may contribute to hybrid vigor include epigenetic 
changes in levels of 24nt siRNA, DNA methylation and expression levels (Groszmann et al., 
2011).  
A large part of this project investigated the effect of mechanical wounding and ROS 
on IGH. In response to mechanical wounding a multitude of genes involved in defense and 
repair are up-regulated (Reymond et al., 2000). There is also large overlapping of gene 
expression that responds to a wide range of environmental stresses (Walley et al., 2007). 
Perhaps this increase of resource utilization and allocation for use in stress response indirectly 
influences restoration by limiting the resources available for the restoration mechanism. This 
theory fits with the observations found in the qPCR assays. A remarkable number of plants in 
the control, un-treated group were found to score positive for the acquisition of insertion 
sequences whereas the plants in the stressed groups had little to no evidence of genomic 
sequence changes.  
A similar observation was found in soybean (K. Espinosa and R. Palmer, personal 
communication). Soybean plants were grown in a low-density honeycomb configuration. Half 
the plants were subjected to simulated hail, which consisted of defoliation of two thirds of the 
leaves. The other half served as the non-hailed controls. In one lineage, several of the plants 
showed within plant variation at different indel markers that also deviated from parental plant 
molecular genotypes (R. Palmer and K. Espinosa, personal communication). Variation was 
found only in the control group, a finding that is consistent with the results from the 
Arabidopsis wounding experiments discussed here.  
Growing crops in ultra-low density, a method employed in the soybean experiments, 
has been shown to reveal genetic variability in highly inbred lines (Fasoula and Boerma, 
2007). Growing individual plants at ultra-low densities essentially eliminates competition. 
Defined as the plant-to-plant interference with the equal use of density-limited aboveground 
and underground growth resources; competition results in unequal use of resources due to 
competitive advantages of some plants over others. The various competitive advantages and 
disadvantages can be induced genetically or environmentally. Competition results in 
differences in growth and development of plants due to uneven growth suppression (Fasoula 
and Fasoula, 2002). Removing the need for resource allocation for competition may unburden 
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plants enough to unmask variation. In keeping with this line of thought, we would expect to 
detect DNA sequence changes in those plants that do not have to cope with stress, such as the 
un-treated Arabidopsis and soybean plants.  
Removing competition may have the effect of unveiling variation, but there are other 
unexplored factors such as synergism that may also play a role in this process. For expression 
of some genes, regulation of transcription requires the synergistic binding of transcription 
factors (Michel, 2010). Synergistic phenotypes arise from the activity of two different genes 
and do not resemble either (Martienssen and Irish, 1999). It is not unthinkable that restoration 
could rely on a similar regulation mode where two or more factors cooperatively control the 
restoration mechanism. There may be genetic and environmental factors that could, when 
combined, significantly increase restoration frequency. For example, an experiment could be 
designed to examine an hth mutant line grown in a low-density honeycomb pattern. These 
factors have been shown to be associated with increased genetic variability and together the 
effect may be amplified.  
Similarly, tissue culture propagation has been associated with higher rates of mutation 
in regenerated plants (Jiang et al., 2011). It was our expectation that restoration frequency 
would likewise be increased. Our genotyping callus tissue and regenerated plants did not 
reveal any DNA sequence reversions. However, the number of samples, loci and plant lines 
examined was relatively small. Furthermore, sensitive quantitative methods were not 
employed. Perhaps detecting sequence reversion requires a more in-depth investigation. It is 
also possible that there were reversions in a small population of cells, but the molecular 
genotyping method used to detect reversions was not sensitive enough. A highly 
comprehensive method such as the massively parallel Illumina sequencing utilized by Jiang et 
al. (2011) would allow for whole genome coverage, thereby drastically increasing the 
likelihood of reversion detection. Such an approach would be ideal for the detection of 
restoration in general. 
As a final note, it is an intriguing fact that the variation in the control lines in the 
mechanical wounding experiment was only found at the T6H20 loci. As previously 
mentioned, the T6H20 indel is within the first intron of the TOPP5 gene. As for the other 
indels, F23M2 is not found within a gene and T14G11 is located within an unknown protein. 
The significance of TOPP5 in restoration has not yet been determined. There are however, 
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many directions for speculation about TOPP5 as well as the role of the various stresses on the 
restoration mechanism. TOPP5 is one of the genes that are up-regulated in response to 
genotoxic stress (Chen et al., 2003). PP1 proteins, such as TOPP5, are involved in the 
regulation of membrane channels, cell cycle control and developmental regulation in plants 
(Smith and Walker 1996; Luan, 2003) and it is likely that they are up-regulated in response to 
stress. In fact, many genes are up-regulated in response to stress. Perhaps by examining these 
response genes in future experiments, we can find loci with high restoration activity. 
Conclusions 
There were a few cases of restoration or possible restoration in the ADK-silencing 
lines. The possibility that the revertants found in the Hadk and amiADK lines are actually the 
result of out-crossing or seed contamination cannot be definitively ruled out. However, 
mosaicism within individuals is the strongest evidence for restoration. Mosaicism was 
observed in the amiADK F3 seedling amiL-5-1 #55 in which the root and shoot had different 
genotypes. Most importantly, mosaicism in an individual excludes out-crossing and 
contamination of the seed pool by errant seeds. Even more striking evidence of restoration 
was found when qPCR was employed to assay DNA sequence reversions in wild-type F4 
plants in the wounding and ROS experiments. QPCR allowed for the detection of minute 
copies of DNA strands containing non-parental insertion sequences among the vastly more 
numerous non-reverted alleles. The reversions in the wild-type hybrid F4 seedlings were not 
able to be detected using conventional size-based PCR genotyping. So, it logically follows 
that many restoration events may have been missed due to use of insufficiently sensitive 
genotyping techniques. As for whether environmental or metabolic stress serves to increase 
restoration frequency, the evidence provided here points tentatively to the opposite 
hypothesis. The cases of restoration in the temperature, wounding and ROS experiments were 
found in the control groups. In those experiments, cold-stress and wounding seemed to turn 
off the restoration mechanism as no revertants were found in any of the stressed groups. On 
another note, there is insufficient evidence to conclude that ADK-deficiency increases 
restoration frequency. However, increasing sample size in all experiments would facilitate in 
obtaining a robust statistical evaluation. 
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Investigating restoration can be an inherently difficult process. It can be difficult to 
use the acquisition of non-parental DNA as an indicator of restoration. There were several 
cases where progeny were found to harbour unexpected alleles. But, the evidence needed to 
be examined with possible sources of error in mind. Contamination is an issue that cannot be 
avoided as it can confound the results of each experiment. Sources of contamination include 
DNA from parental plant, wild-type, or other sources. Out-crossing and seed contamination 
could explain why some of the progeny had the rare single and double reversions. With this in 
mind, it may be challenging to accept the outcomes presented in this thesis as examples of 
true restoration events. However, the accumulation of evidence for restoration working as a 
mechanism for generating IGH is compelling. It is my belief that with the use of more 
sensitive and robust technologies and methodologies, the mystery that is the restoration 
mechanism will slowly but surely be revealed. In this project there were several cases of 
genetic variances that could be attributed to restoration. However, in some cases, the suspect 
results could be explained by more mundane means. Even so, this research has ultimately 
revealed that intraorganismal genetic heterogeneity occurs in Arabidopsis plants, primarily 
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Hybrid lines were generated from crossing transgenic ADK deficient lines in the 










Figure 21: Transgene construct used to generate the amiADK 7-7 ADK deficient Arabidopsis thaliana 
lines. The artificial microRNA sequence targets ADK1 and ADK2 genes (Schoor et al., 2011).  
Figure 22: Transgene construct used to generate the fluorescent ADK-deficient A. thaliana line 
ADK1-GFP. An ADK1 cDNA and EGFP fusion protein is expressed in tissues.  
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Appendix B  
QPCR copy number calculations 
Table 12: QPCR Copy Number Calculations for LC-2-13 F4 Plants 
Sample Marker 
STD Curve (External) 
[x=copy #, y=C(t)] 
R2 
value 
STD Curve (Internal) 











Copy # Int 
/100,000 Ext 
C2-1 T6H20 y = -1.45ln(x) + 38.08 0.996 y = -1.45ln(x) + 36.67 0.996 22.58 36.7 43909.03 0.98 2.23 
C2-2 T6H20 " " " " 21.93 33.06 68668.02 12.06 17.56 
C2-5 T6H20 " " " " 21.67 29.72 82214.69 120.68 146.78 
C2-7 T6H20 " " " " 22.67 35.87 41296.83 1.74 4.20 
C2-15 T6H20 " " " " 21.48 34.84 93720.68 3.53 3.77 
C2-16 T6H20 " " " " 21.35 37.36 102296.04 0.62 0.61 
C2-18 T6H20 " " " " 21.13 28.59 119065.66 263.07 220.94 
C2-19 T6H20 " " " " 20.90 36.14 139729.61 1.44 1.03 
C2-21 T6H20 " " " " 22.77 34.96 38609.95 3.25 8.42 
C2-22 T6H20 " " " " 22.21 35.56 56588.59 2.15 3.80 
C4-1 T6H20 y = -1.42ln(x) + 36.66 0.994 y = -1.46ln(x) + 36.17 0.998 20.95 35 63895.29 2.23 3.49 
C4-2 T6H20 " " " " 22.81 37.51 17241.25 0.40 2.32 
C4-9 T6H20 " " " " 22.44 35.37 22412.47 1.73 7.72 
C4-10 T6H20 " " " " 21.06 35.02 59094.10 2.20 3.72 
C5-8 T6H20 y = -1.42ln(x) + 36.78 0.995 y = -1.49ln(x) + 35.12 0.999 21.87 32.32 36249.83 6.55 18.06 
C5-9 T6H20 " " " " 24.24 34.18 6858.82 1.88 27.46 
C5-12 T6H20 y = -1.45ln(x) + 38.08 0.996 y = -1.45ln(x) + 36.67 0.996 20.86 34.04 143750.13 6.13 4.27 
C5-14 T6H20 " " " " 21.22 33.63 112153.48 8.14 7.26 
C5-15 T6H20 " " " " 22.23 35.04 55930.72 3.08 5.50 
C5-16 T6H20 " " " " 21.24 37.05 110743.61 0.77 0.69 
C5-19 T6H20 y = -1.45ln(x) + 37.57 0.991 y = -1.52ln(x) + 37.25 0.998 23.24 35.34 19628.43 3.51 17.90 
C5-21 T6H20 " " " " 23.03 31.09 22692.06 57.55 253.61 
C6-1 T6H20 y = -1.36ln(x) + 39.31 0.991 y = -1.58ln(x) + 40.21 0.999 20.99 30.79 706553.34 388.40 54.97 
C6-2 T6H20 " " " " 22.16 33.07 299893.79 91.74 30.59 
C6-4 T6H20 " " " " 21.48 32.85 494692.52 105.45 21.32 
C6-6 T6H20 " " " " 21.38 35.46 531061.02 20.21 3.81 
C6-8 T6H20 " " " " 20.77 33.89 834886.34 54.60 6.54 
C6-10 T6H20 " " " " 22.19 32.98 293384.02 97.12 33.10 
C6-14 T6H20 y = -1.42ln(x) + 36.78 0.995 y = -1.49ln(x) + 35.12 0.999 23.09 33.02 15393.60 4.10 26.65 
C6-18 T6H20 " " " " 23.88 34.35 8815.78 1.68 19.08 
C6-20 T6H20 " " " " 22.65 32.90 20920.85 4.43 21.17 
C6-21 T6H20 " " " " 23.06 36.79 15750.61 0.33 2.07 
C6-22 T6H20 " " " " 23.07 35.65 15615.50 0.70 4.50 
C7-1 T6H20 y = -1.45ln(x) + 37.57 0.991 y = -1.52ln(x) + 37.25 0.998 22.43 36.43 34156.60 1.72 5.02 
C7-3 T6H20 " " " " 21.86 34.83 50664.73 4.91 9.70 
C7-4 T6H20 " " " " 23.38 29.85 17833.80 130.12 729.60 
C7-8 T6H20 " " " " 24.05 33 11185.43 16.38 146.44 
C7-10 T6H20 " " " " 23.42 32.32 17291.09 25.62 148.18 
C7-11 T6H20 " " " " 24.34 37.66 9172.04 0.76 8.33 
W1-14 T6H20 y = -1.45ln(x) + 37.57 0.991 y = -1.52ln(x) + 37.25 0.998 23.17 28.64 20567.00 288.44 1402.42 
W1-14 F23M2 y = -1.35ln(x) + 37.44 0.995 y = -0.92ln(x) + 30.55 0.927 24.69 28.86 12625.41 6.28 49.72 
W1-14 T14G11 y = -1.67ln(x) + 42.19 0.998 y = -1.62ln(x) + 40.32 0.995 25.65 32.16 19975.37 154.01 771.01 
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Appendix C  
PCR primers 
PCR primers used in this project are listed within this section. All primers were 
synthesized by Sigma-Aldrich Canada Ltd., Oakville, ON.  
 
 
Figure 23: Size-based PCR genotyping; A: approximate location of indel sites on A. thaliana 
chromosomes; B: PCR primers sit outside the insertion site. The amplified product of the Columbia 
allele is larger than that for the Landsberg allele due to the insertion sequence; C: agarose gel 












Table 13: List of primer sequences for size-based PCR genotyping 
Primer Sequence 5’ to 3’ 
Insertion 
size (bp) 
Primer Sequence 5’ to 3’ 
Insertion 
size (bp) 
F12K11 L CCATATCTTGGAGTTGGCAGA 
45 
MSA6 L CTGGGGTGTTCTCACAGGAT 
54 
F12K11 R TGTCTTCAGGAACACAACCA MSA6 R CGTTGGAGGTGGTCTTAGGT 
F5J5 L TGAAGATTTCGTGGAAGCAA 
75 
T6H20 L TGCATTGGTTTCTCTGCTTG 
77 
F5J5 R CTCATGGATGCCTAATACCG T6H20 R GGGAAACCTCCATACTCGAA 
F6D8 L CTCCGTCTTCCAGAGTTTGA 
94 
F4C21 L TGGTTAGGGTTCTGGTCAGG 
82 
F6D8 R TTCGGGTGATTAGTACGGAAA F4C21 R AGTGGCTCATCGTTCGAGAT 
F15H11 L ATTTGCGGCTGAAAGACAAG 
76 
F16J13 L GAAGCATGTTTTGTGTATCTTGC 
80 
F15H11 R TGAGTGTGTCATGAGTGTTTGTTT F16J13 R CCGCATCTCCACATTTCATT 
F23M2 L TAAAGTTGTTGGCCGAGGAG 
68 
F8D20 L CACCAGACGGTGATGAAGAG 
84 
F23M2 R TCGGAGATACCCGAGCTAAA F8D20 R CATTCGCGCATTTATTGTTG 
T14G11 L CCTATGTGTCAAGAGAGATTTCCA 
73 
F2P16 L AAAATGGTTTACCACATGGACA 
48 
T14G11 R TTTGTTCCATTTATAAGCGTTTCTC F2P16 R TCCCAAATCAATTCAAGGAAA 
T6A23 L AACACCAAGTCAACTGTTTTTGTT 
61 
MNJ8 L CATGGATCAAAGATGATCTCCA 
51 
T6A23 R TCAAAATAAACACCCCCAACT MNJ8 R TTCGCTTTTCGTGTTTCTGA 
T11I18 L CCCCAATTCGAAATGTAAGG 
74 
MGI19 L TGCACATGACTTCAACAGAAAA 
47 
T11I18 R CGCTCCTTGACAGTTTTCCT MGI19 R ATGTGGGTGGGTGTTGATTT 
 
Table 14: Primers used in quantitative PCR 
Marker Primer sequences 5’ to 3’ 
Location of primers with 






































Table 15: List of primer pairs 


































Table 16: List of sequencing primers 
Primer name Sequence (5’ to 3’) Primer name Sequence (5’ to 3’) 
F23M2_seqext_L2 GACGGCCATTGATAATGAAA T14G11_seqext_L2 CTCCGGTATTACGATGCTTTT 
F23M2_seqext_R1 CCAAGAAGAGCTACCGTTGA T14G11_seqint_R2 CAAACATCAAATAAAATGGGACA 
F23M2_seqint_L1 TTGCCGGAAAATAACTAAGTG T6H20_seqint_L2 CATTTGTCTTTAGGCGATTGAT 
F23M2_seqint_R1 TCGCGGTCTTAACTGATCTT T6H20_seqext_R1 CCCATCCTCTACAACCTGTG 
T14G11_seqint_L1 TGCAATCCAAGTATTTTCTTTTT T6H20_seqext_L2 TTCTTATCTTGGCGATCGAA 






Table 17: Primer pairs used for synthesizing PCR products for sequencing 
Sample Primer pair  







































































Sequencing: nucleic acid symbols 
These Rules are as close as possible to the published version [see Biochem. J., 1985, 
229, 281-286; Eur. J. Biochem., 1985, 150, 1-5; J. Biol. Chem., 1986, 261, 13-17; Mol. Biol. 
Evol., 1986, 3, 99-108; Nucl. Acids Res., 1985, 13, 3021-3030; Proc. Nat. Acad. Sci. (U. S.), 
1986, 83, 4-8; and in Biochemical Nomenclature and Related Documents, 2nd edition, 
Portland Press, 1992, pp 122-126. 





R Purine (adenine or guanine) 
Y Purimidine (thymine or cytosine) 
W Adenine or thymine 
S Guanine or cytosine 
M Adenine or cytosine 
K Guanine or thymine 
H Adenine or thymine or cytosine 
B Guanine or cytosine or thymine 
V Guanine or adenine or cytosine 
D Guanine or adenine or thymine 
N Guanine or adenine or thymine or cytosine  
 
